This paper describes an effective and easy to use displacement-based procedure for seismic design or retrofit of frame structures equipped with hysteretic dampers, taking into account the flexibility of the supporting brace that is usually provided to connect the device to the external frame. The proposed framework leads the designer to the definition of a complete set of dissipative braces mechanical properties able to provide a desired performance level. Some initial assumptions related to the equivalent damped brace system have to be set and checked throughout the procedure. The method is widely explained step by step, differentiating the case of linear elastic and nonlinear behavior of the bare frame. The capacity curve of the braced frame is built by means of simple analytical relations and approximated by a bilinear or trilinear curve depending on the bare frame behavior. Two case studies are provided to demonstrate the effectiveness of the suggested procedure for both cases of new construction and existing building, obtaining a satisfactory matching between analytical target and numerical capacity curves. The reliability of the design framework is finally assessed by means of static and dynamic nonlinear analyses.
Introduction
In last decades many advancements in the research and application of passive energy control systems (Soong and Dargush 1997; Soong and Spencer 2002; Christopoulos and Filiatrault 2007) for earthquake-prone structures have been pursued. A wide range of devices 1 3 have been proposed in literature, however new systems and techniques are still being investigated, with the aim to limit residual damage induced by seismic events. As a matter of fact, a critical issue observed after severe past earthquakes concerns the inadequacy of conventional structures to be repaired (Pampanin 2012; Mayes et al. 2013) . The use of dissipative braces within a structure can provide significant additional stiffness and damping, enhancing its seismic performance but usually increasing the maximum base shear and sometimes floor accelerations.
Recent developments on hysteretic dampers include eccentrically braced frame (EBF) in series with shear or flexural devices, first introduced by Popov and Engelhardt (1988) , Buckling Restrained Braces (BRBs), proposed by Clark et al. (1999) , scorpion yielding connector (SYC), studied by Gray et al. (2014) , shear link devices (Nuzzo et al. 2017) .
In the last years, a number of studies have been conducted about design procedures for both viscous and hysteretic dampers accounting for the finite stiffness of the supporting braces (Losanno et al. , 2017a Nuzzo et al. 2015) . Among them, the main displacement-based procedures are summarized below. Kim and Choi (2004) proposed a design procedure to provide the required effective damping by additional BRBs for the assigned target displacement. A similar approach was later presented by Bergami and Nuti (2013) where a target damping ratio is set in order to reduce the displacement demand to a target value. More in detail, the authors presented an iterative displacement-based design procedure employing ADRS curves, with the aim of dimensioning dissipative braces (particular reference is given to BRB) able to provide a given damping ratio according to the target displacement. The procedure is based on the use of static nonlinear analysis and interesting comparison between the use of standard "monomodal" and "multimodal" pushover is provided, thus allowing to take into consideration the influence of higher modes contribution Nuti 2010, 2015a) . The same authors deepened the subject proposing an Incremental Modal Pushover Analysis (IMPA) (Bergami et al. , 2017 to estimate the structure's seismic response, demonstrating advantages with respect to more complex Incremental Dynamic Analysis (IDA).
An energy equivalence criterion was proposed by Ponzo et al. (2009) to dimension the bracing system at the ultimate frame displacement capacity. Barbagallo et al. (2017) suggested a multi-performance design method for seismic upgrading of existing RC frames through the addition of BRBs, assuming a Near Collapse performance objective. The authors iteratively found out both stiffness and strength parameters by use of non-linear dynamic analyses, not specifically accounting for damage prevention performance criteria. Durucan and Dicleli (2010) proposed an energy-based iterative design procedure for retrofit of existing RC frames using steel braces with shear links. The authors also conducted a refined FEM analysis to study the local effect of added shear link dampers in terms of stress distribution in beam/column members. In two case studies the effectiveness of shear link dampers was demonstrated in achievement of both operational and life safety performance levels. Mazza and Vulcano (2015) fix a target deformation for the damper added structure and then the properties of the equivalent damped brace are found iteratively. After estimating the braced structure's equivalent damping through iterative evaluations, the corresponding secant stiffness at the target deformation is determined. By means of a set of simplified relations between the mechanical properties of the single damped brace and the equivalent damped brace system, the total base shear at the performance point is estimated and the equivalent stiffness of the damped brace calculated accordingly. An estimation of the damper's yielding 1 3 force is determined independently from the evaluation of its effective stiffness. Linear equivalent models are proposed by the authors for both the bare frame and the damped brace.
As a matter of fact, despite of remarkable improvements in dampers' technology, nowadays practitioners still have little confidence due to lack of both design procedures to be easily adopted and seismic codes that properly address specific provisions, unless those by FEMA (1997 FEMA ( , 2000 are considered.
This paper describes an effective and easy to use displacement-based design (DBD) procedure for seismic design of new constructions as well as for seismic upgrade of existing structures where hysteretic dampers are used for supplemental damping. The method allows taking into account the flexibility of the supporting brace that connects the device to the external frame. In view of the approach suggested by Mazza and Vulcano (2015) , the authors developed a comprehensive design procedure with a direct reference to effective parameters of the damping braces in a way to result so suitable for professional applications. The authors show that the parameters required by the suggested procedure can be easily tuned involving mechanical properties also of commercial devices, commonly available on the market. On the basis of the strength suitable for the damper, the corresponding stiffness is known and the dimensions of the supporting brace are determined in order to provide the required equivalent stiffness of the damping brace. As a consequence of this, the proposed methodology allows the selection of dampers characterized by coherent values of yielding force and stiffness. The procedure is based on the Capacity Spectrum Method (ATC 1996) thus including non-linear capacity curve and accounting for damping provided by both the bare frame and the damping brace system for the evaluation of the reduced seismic demand. Similarly to the method proposed by Bergami and Nuti (2013) , the design procedure proposed herein is based on the evaluation of the capacity curve of the braced frame structure considering the different contributions of the bare frame and the damping brace systems in order to achieve a target displacement. As a main difference, Bergami and Nuti (2013) determined the capacity curve via pushover analysis at each iteration of the process. In the present work, the capacity curve of the braced frame is identified by analytical equations thus providing a handy iterative procedure able to converge in few steps. Once two parameters (i.e. a stiffness and a ductility parameter) have been set, the capacity curve of the braced frame and the performance point can be easily checked even by means of a common spreadsheet.
The main performance objective consists in preventing earthquake induced damage to the main frame or limiting it within acceptable values. To do that, a target displacement demand to the damping devices is defined and related to a given allowable inter-story drift value. The latter should be selected according to the type of building (new or existing one) and its class of importance (ordinary or mission critical structure). When non-linear behavior of the bare frame is considered admissible the inherent damping due to cyclic response of plastic hinges is taken into account in the definition of the demand response spectrum.
It is worth highlighting that the procedure herein proposed has been formulated for conventional, flexible framed structure, becoming less suitable to be applied to shear wall constructions. However, this limitation should be not so relevant given that laterally stiff structuresbecause of the reduced interstory drift demand-hardly may take advantage of additional damping by hysteretic devices.
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A new design method for buildings incorporating hysteretic damping braces
Herein a newly proposed iterative displacement-based design framework for structures equipped with dissipative braces is described (in the following, the braced frame will be referred to as BF). The equivalent single-degree-of-freedom (SDOF) bare frame (F) and damped brace (DB) systems are considered as bi-linear springs working in parallel, providing the equivalent response of the combined BF, as indicated in Fig. 1 . The DB system is given as the equivalent of the linear elastic brace (B) acting in series with the elasto-plastic damper (D). The adoption of dissipative braces has the main goal of conveying energy dissipation and damaging out from structural elements. For this reason, the design target displacement d PP is usually defined in terms of allowable damage or performance level of the bare frame.
The proposed design method is developed in the acceleration-displacement response spectrum (ADRS) space, with the aim to define the design BF curve once the desired d PP has been set. In order to identify the performance point (PP) corresponding to d PP , it is necessary to know the corresponding force level, depending on the equivalent damping ratio ξ BF eq of the BF. The framework suggests a methodology to characterize PP and BF capacity curve based on equations from literature and assumptions based on engineering judgment. Then, knowing the capacity curve of the bare frame F (after a preliminary design of the structural elements in case of new construction or analyzing the existing building), it is possible to obtain the DB capacity curve as difference between BF and F. Finally, mechanical properties of dissipative braces at each story can be assigned adopting a proportionality with respect to the bare frame properties.
To this aim, some initial assumptions concerning DB ductility capacity ( μ * DB ) and DB post-yielding to elastic stiffness ratio ( r ) have to be made. By the end of the procedure, effective values of both parameters will be checked and compared with initial trial values. The authors demonstrate that convergence is achieved in a very few steps.
The proposed framework also allows to check the relative frame-to-damping brace strength and stiffness, in order to obtain the desired distribution of seismic forces. In the case of new buildings, frame members are assumed to be preliminary designed under Fig. 1 Rheological model of the bare frame, the damped brace and the combined braced frame gravity loads only, without accounting for seismic loads. If the procedure leads to unacceptable size of the DB system because not feasible in practice (e.g. due to the unavailability of braces or devices compatible with those results), stiffness and/or strength of the frame F can be changed until the size of the DB is kept within acceptable limits.
The design procedure is applied to a 2D frame in the plane selected for the insertion of damping braces. This choice should be done taking into consideration the need of bracing the real frame along a limited number of planar frames and reducing eccentricity between mass and stiffness centers of the whole structure. The reduction from 3D to 2D frames is deemed acceptable for regular structures where negligible torsional effects are expected. Differently, in the case of non-regular frames, the analysis of a planar frame may require accounting for torsional effects adopting computer codes for non-linear static analysis (Mazza 2014) . However, the preliminary design of the damping system performed with the proposed procedure always should be followed by a refined structural analysis to validate the choices and to establish executive details.
The design procedure is schematically shown in the flowchart in Fig. 2 and widely described through the following sub-sections, each corresponding to a single step of the framework.
Step 1 Identification of the target displacement and of the bare frame system
Step 1 of the proposed design framework consists in the definition of F system capacity curve and its target performance d PP under seismic action. Capacity curve is generally determined by pushover analysis in order to account for both effective lateral stiffness and non-linear behavior of the bare frame. Depending on the behavior exhibited by the bare frame (Fig. 3) , F system could be:
• Type a-dissipative in this case the formation of plastic hinges within frame elements is allowed. This choice would lead, in the case of new constructions, to a less expensive building because part of energy dissipation is also provided by F system. For a given target displacement, a softer behavior of the bare frame would require a stronger and stiffer dissipative system. The main consequence of this assumption is that the structure would experience damage after a major earthquake implying significant repair costs and recovering time.
• Type b-partially dissipative in this case plastic hinge formation is allowed, but limiting rotation to a repairable limit state, thus producing damage which can be repaired at a reasonable cost. This line of research is still open since it brings some main issues not yet solved, such as the definition of the repairable limit state. A possible approach is to apply an iterative cost based design methodology, as proposed in , to be concluded when repair costs, output of a loss estimation analysis, satisfy the maximum allowed design threshold.
• Type c-elastic in this case no plastic hinge has to form. In correspondence of the PP the bare frame is within the elastic field, thereby completely avoiding structural damage. This is the most expensive design solution in terms of construction cost of the frame, but it allows significant savings in repair costs and recovering time after a seismic event are considered. In case supplemental dampers are provided, by simply replacing yielded elements after an earthquake the frame structure will be re-centered without any residual drift. Only in this case, under further assumption of shear type behavior of the bare frame, the capacity curve of F system could be also obtained by simple analytical relations. Once the F system seismic behavior is known, it is possible to choose the top target displacement d PP to be achieved. In case of dissipative or partially dissipative behavior, a maximum allowable plastic hinge rotation can be defined according to codes provisions or reparability issues, respectively. Differently for elastic structures, a target displacement limiting damage to non-structural elements could be chosen as corresponding to interstorey drift in the range 0.5-0.75% (NTC 2018) .
Successively, base shear V PP,F and shear force distribution along height,V PP,F,i , in correspondence of the target displacement d PP of F system can be estimated from the pushover analysis (Fig. 4) .
Once F system has been sized (new structure) or analyzed (existing system), its capacity curve can be obtained and represented in the ADRS space in terms of SDOF (Fig. 3) , indicating the equivalent roof displacement at PP as d * PP and the corresponding base shear and equivalent elastic stiffness as V * PP,F and K * F , respectively. In particular, the equivalent force and displacement of the SDOF system can be determined dividing the corresponding Step 1: definition of F system capacity curve (SDOF system)
Max where M is the mass matrix and φ is the modal shape vector. The 5% damped response spectrum is defined according to seismic provisions for a given hazard level.
Step 2 Evaluation of the performance point At the end of Step 1, even if target displacement d * PP has been defined, the PP is still unknown because the corresponding performance base shear of the equivalent BF system, V * PP,BF , also depends on the effective damping ratio that is initially unknown. Consequently, it is necessary to evaluate ξ eq,BF that can be calculated through the expression suggested by Mazza and Vulcano (2015) : where • ξ v,F is the F system equivalent viscous damping ratio, assumed equal to 5%; • ξ h,F is the F system equivalent hysteretic damping ratio; it is equal to zero if F system is supposed elastic, otherwise it can be estimated as follows (Dwairi et al. 2007 ):
where μ * F and r * F can be read from the F capacity curve ( Fig. 3 ) and represent its ductility demand and post to pre-yielding stiffnesses ratio, respectively, while k is a reduction factor accounting for cyclic degradation, suggested equal to 1/3 for poor hysteretic behavior (severely pinched) RC structures (ATC 1996) . The equivalent structure approach, first introduced by Jacobsen (1930) , leads to an approximate solution of nonlinear response of yielding structure, assuming that equivalent linear systems with fictitious equivalent damping have the same initial period, undergo harmonic steadystate response and are at resonance. In addition, the one cycle criterion suggested by Jacobsen ignores all cycles that take place prior to reaching the maximum displacement, causing an overestimation of the equivalent damping if compared to the one evaluated in correspondence of the average value of the energy dissipated through all cycles. Although, given the simplicity of the method, the easy matching between hysteretic shape and equivalent damping and the familiarity with elastic design spectra, this approach is still widely employed.
• ξ h,DB is the DB equivalent hysteretic damping ratio and can be calculated through Eq. (4), in which k = 1 and μ * DB and r * DB correspond to equivalent DB ductility and post to pre-yielding stiffnesses ratio, respectively. These parameters are initially unknown
and have to be supposed by the designer based on engineering judgment, considering expected behavior of the dissipative system. As it will be clarified at a later step, the equivalent ductility μ * DB and the post to pre-yielding stiffnesses ratio r * DB will be checked by the end of the procedure, once effective damping braces properties have been defined.
• V * PP,F is the equivalent F base shear at d * PP as determined at Step 1; • V * PP,DB is the equivalent DB base shear at d * PP , and can be determined as the difference between the equivalent BF and F base shear values:
Note that V * PP,BF is initially unknown depending on the spectral acceleration at d PP , that is also a function of ξ eq,BF . Consequently, the BF equivalent damping ratio can be defined iteratively starting from a reasonable value according to expected dissipative behavior.
By the end of Step 2, PP, F system capacity curve, equivalent BF base shear and design ADRS spectrum have been defined (Fig. 5) . Moreover, since a value of μ * DB has been supposed, equivalent yielding displacement of DB system can be also deducted as Note that in case of F system nonlinear behavior, DB system is supposed to be designed in order to yield earlier than F thus providing the main energy dissipation contribution.
Step 3 Design capacity curves for BF and DB systems In order to identify the capacity curve for the BF system, it is necessary to evaluate the DB-to-F elastic stiffness ratio:
where K * DB is the equivalent damped brace elastic stiffness, still unknown. It is possible to demonstrate (Appendices "A" and "B") that, starting from the analytical expression of V * PP,BF , the parameter α can be evaluated as Once α has been estimated, it is possible to calculate the equivalent BF elastic and postyielding stiffnesses through the following expressions:
At this point, knowing the equivalent F and DB systems yielding displacements, the PP and the BF equivalent post-yielding stiffnesses, BF capacity curve is completely defined (Fig. 6 ). Note that if F system is a linear or elasto-plastic system, a bilinear or trilinear BF capacity curve is obtained, respectively. Finally, the DB capacity curve can be derived as difference between BF and F systems' curves.
Step 4 Preliminary sizing of dissipative braces Finally, once the force at yielding ( V * y,DB ) and equivalent elastic stiffness ( K * DB ) of DB system are known, it is possible to distribute damping braces effective properties on the basis of a proportionality criterion with respect to F modal properties (Mazza and Vulcano 2015) : Step 3: definition of BF and DB capacity curves for linear (a) or non-linear (b) F system where F y,DB,i is the horizontal force acting on DB system at the i-th storey in correspondence of d * y,DB , Φ i is the normalized (Φ n = 1) modal shape of F system, K DB,i and V y,DB,i are total horizontal elastic stiffness and yielding force of dissipative braces at the i-th storey, K DB,i,j and V y,DB,i,j are horizontal elastic stiffness and yielding force of each j-th dissipative brace at the i-th storey, and n DB,i is the number of dissipative braces at the i-th storey, assumed equal to each other.
The assumption of proportional strength and stiffness distribution of the equivalent damped brace with respect to the bare frame is meant to develop a compatibility of displacement distribution along the height throughout the elastic behavior of the frame. As long as the frame remains elastic, the deformation of the equivalent damped brace remarks its fundamental mode shape (Eq. 15) ensuring the same interstory drift distribution. The post-yielding stiffness ratio r also allows to achieve this condition after the damped brace yields.
Compatibility of displacements is only violated when the bare frame yields and its fundamental mode shape changes, in this case an adaptive pushover analysis could be more suitable. As demonstrated in case study #2, when the plastic deformation of the bare frame is limited according to the aim of the selected target displacement, a satisfactory approximation of the numerical damped frame behavior with the proposed method is obtained. As an implicit limit of the method, in the case of non-regular bare frame, the equivalent damped brace would not be useful to change the first mode shape and the modal properties of the system. At this point, it is possible to evaluate damper (D) and brace (B) mechanical properties. In particular, the yielding shear force V y,DB,i,j acting on the j-th dissipative brace at the i-th storey corresponds to the yielding force V y,D,i,j that the damper has to be able to provide. Consequently, the damper element can be selected in such a way to comply with a force requirement. Then, by also knowing its elastic stiffness K D,i,j , brace stiffness K B,i,j can be determined as acting in series with the defined damper ( Fig. 1) , in order to provide the required damped brace elastic stiffness K DB,i,j according to the following equation:
Finally, knowing the damper post-to-pre yielding stiffness ratio r D,i,j , it is possible to evaluate the effective dissipative brace post-yielding stiffness:
Step 5 Consistency check with the initial assumption about stiffness r * DB At this point it is necessary to check if the initial assumption about r * DB is consistent with real dissipative brace parameters, r DB,i , by means of the following equation (Appendix "C"):
where δ PP,i is the relative displacement of the i-th story at the PP, and it is known from Step 1 of the design procedure, while δ y,i is the yielding relative displacement of the i-th story, and it can be calculated as V y,DB,i /K DB,i , d PP and d y are MDOF system's top displacement at PP and at yielding, respectively. If Eq. (18) is satisfied, the initial value assumed for r * DB can be deemed satisfactory, otherwise it is necessary to iterate the design procedure from Step 2, assuming a new value of r * DB as determined from Eq. (18).
Step 6 Consistency check with the initial assumption about ductility μ * DB Finally, it is necessary to check if ductility demand of the j-th damper at i-th story, μ D,i,j , corresponding to the initial design assumption μ * DB , is lower than corresponding capacity μ D,i,j,Rd through the following equation:
where V PP,DB,i,j is the shear force of the j-th DB at the i-th story at PP, equal to the shear force of the corresponding B at PP (B and D are in series), and it can be evaluated as Note that in case F is linear, the value of each dissipative brace ductility μ DB,i,j is constant and equal to μ * DB
. If the inequality (19) is not satisfied, the initial trial value assumed for μ * DB is too demanding and it is necessary to iterate the whole design procedure from step 2 assuming a lower value.
By the end of the procedure, if obtained mechanical properties of dissipative braces are difficult to be achieved, it is possible to increase the number of elements per story n DB,i , thus reducing the parameters K DB,i,j and V y,DB,i,j of the story damping brace.
Assessment of the outcomes from the design procedure through FEM non-linear analyses
When the design procedure is completed, its reliability can be verified performing a static or dynamic non-linear analysis of the braced frame system. Making a pushover analysis allows to directly compare desired BF capacity curve, derived analytically through the proposed framework, with that coming from the FEM analysis, also monitoring the yielding inception and the attainment of PP. The effective equivalent BF damping ratio can be calculated at PP through Jacobsen's formula (Chopra 1997 ) and compared with the value assumed by Eq. (3). In this way it is also possible to determine the reduced seismic demand and the effective performance point on the numerical capacity curve that should be consistent with the assumed target displacement d PP . Once PP is found, dissipative braces have to be verified in terms of maximum deformations. Differently, if a dynamic nonlinear analysis is implemented, it is possible to directly check if target interstory drifts (ID) values are compatible with demand. Then, ductility checks of dampers have to be done. Such a kind of analysis would also allow to accurately model plastic behavior of yielding components (dampers and frame members) thus taking into account the effective damping mechanism deriving from hysteresis.
The implementation of both type of analysis is not a necessary step for the application of the DBD framework, instead it is a tool used by the authors to assess the reliability of the proposed design procedure in both case studies presented in this work.
It is worth noting that structures equipped with dissipative braces could also suffer from stress concentrations in the structural elements surrounding the braces, as well as at foundation level. Such effects have to be properly taken into account at this step of the design. However, a preliminary careful study about the positioning of the damping braces within the frame can strongly mitigate these detrimental effects .
3 Case study no. 1: design of a new RC structure equipped with hysteretic dissipative braces
The proposed design framework is applied to the case study of a new RC structure, consisting in a 5-storey-3-bay building to be equipped with dissipative braces along perimetral frames. Supplemental energy dissipation is provided by a particular type of steel shear link (Cahis et al. 1997; Bozzo and Barbat 1999; Cahis 2000; Hurtado and Bozzo 2008) , herein indicated as SL, supported by tubular braces. This specific type of damper, recently object of a wide experimental campaign (Nuzzo et al. 2017 ), consists of a unique steel plate which is milled in its web where yielding is concentrated. The simplicity of its geometry makes it adaptable to different levels of demand forces. Moreover also its configuration in the structure can be quite varying: it is possible to dispose it between chevron braces and upper beam through a bolted connection, using slotted holes in order to avoid the detrimental effect of shear forces transmitted from beams and generating axial stresses in the device. Alternatively it is possible to weld it in diagonal braces in such a way that the axial force in diagonals is transmitted as shear force in the link (Nuzzo et al. 2014) . The building occupancy is supposed to be commercial office and its structural plan and elevation views are given in Fig. 7 . Note that, given the symmetry, the method and the analysis are performed considering a planar frame. The building is designed at Life Safety (LS) performance level in compliance with the Italian (NTC 2018) and European (EC8 2005) seismic codes, supposing the structure located in Norcia, central Italy, soil type B and topography class T2. The design process is described through the following subsections, each concerning a step of the framework.
Step 1 Identification of the target displacement and of the bare frame system In order to avoid structural damage, the bare frame is supposed to behave elastically (Type c). Under gravity loads design, beams and columns cross sections are set to be 30 × 40 cm and 50 × 50 cm, respectively. Arranging permanent and live loads in seismic combination, seismic masses of 426 tons and 248 tons have been defined for levels 1-4 and for top level, respectively. The target displacement at the top floor (6 cm) is set corresponding to attainment of 0.5% interstorey drift, that means a relative displacement of 0.016 m, while the corresponding base shear is 504 kN. F properties at each storey are indicated in Table 1 .
In Fig. 8 the elastic 5% damped ADRS curve is plotted together with the F SDOF system capacity curve. The latter has been determined introducing the modal participation factor (Γ = 1.35) and the equivalent mass (m* = 569 ton) through Eqs. (1) and (2).
Step 2 Evaluation of performance point At this point the equivalent DB damping ratio is calculated through Eq. (4), supposing a first trial value of r * DB = 0.04, corresponding to a mean value of the pure dampers as observed during experimental tests and to be verified at Step 5. The equivalent DB ductility is set to μ * DB = 3, which seems quite a conservative value considering ductility capacity of steel dampers. A first value of ξ eq,BF has to be supposed, for example in the range of 10-15%, assumed a lower bound for structures equipped with supplemental dampers. In this way, considering design ADRS response spectrum in correspondence of the PP, it is possible to determine the equivalent base shear V * PP,BF . Then by Eqs. (5) and (3), it is possible to analytically evaluate the equivalent BF damping ratio and iterate calculation until convergence is reached. Final values are reported in Table 2 and Fig. 9 .
Step 3 Design capacity curves for the BF and the DB systems By Eqs. (8), (10) and (11), it is possible to determine the equivalent design capacity curve of BF system and, accordingly, the equivalent DB design capacity curve. After calculating a value of α = 7.6, forces and stiffnesses for BF and DB systems are determined (Table 3) . Corresponding equivalent SDOF capacity curves are plotted in Fig. 10 .
Step 4 Preliminary sizing of dissipative braces By Eqs. (13) to (15), mechanical properties of dissipative braces in correspondence of each story are determined in Table 4 . At this step it is necessary to match obtained design values with real dissipative braces, here represented by tubular braces supporting SL dampers. Considering demand Table 4 , authors suggest to brace two bays at the first two floors, in order to avoid very large dampers and high local stress in frame components. In order to also limit transmission of axial tension/compression force to columns, the brace configuration of Fig. 11 is adopted, with diagonal braces at top floor and alternation of V-braces and chevron-braces at lower levels. SL dampers geometry (Table 5 and Fig. 12 ) is chosen in order to match the design yielding forces. In particular, fixing stiffeners dimensions according to satisfactory behaviour exhibited by SL during previous experimental tests, avoiding buckling phenomena (Nuzzo et al. 2017) , the width B and thickness t w of dissipative windows are defined and the corresponding stiffness K D,i,j calculated accordingly .
Once SL elastic stiffness K D,i,j is known, it is possible to determine supporting braces stiffness K b,i,j satisfying Eq. (16). Finally, knowing SL post-to-pre yielding stiffness 
Fig. 10
Step 3: definition of capacity curves ratio r D,i,j , it is possible to evaluate the dissipative brace post-yielding stiffness through Eq. (17). Final dissipative brace mechanical properties at the i-th story are summarized in Table 6 .
Step 5 Consistency check with the initial assumption about stiffness r * DB At this point it is necessary to check if the initial value r * DB corresponds to effective distribution of r DB,i,j obtained in Table 6 . Applying Eq. (18), a value of r * DB = 0.12 is obtained, significantly different from 0.04 assumed at Step 2. Consequently, iteration is necessary restarting from Step 2 with the latest value of r * DB
. After a very few iterations the final converging value is r * DB = 0.135. Main results at the final iteration are summarized in Table 7, Table 8 and Table 9 . The final value of α is 6.9 with an equivalent damping ratio ξ eq,BF = 27%.
After assessing correctness of r * DB parameter, effective dimensions of tubular diagonals (steel grade S275) are selected from commercial catalogues (Table 10) Considering effective properties of supporting braces and selected SL dampers, initial and post-yielding stiffness of dissipative braces are calculated (Table 11) .
Step 6 Consistency check with the initial assumption about ductility μ * DB
Finally, values of μ D,i,j are calculated through Eqs. (19) and (20) in order to check the initial assumption on μ * DB , verifying that ductility demand is lower than corresponding capacity for each damper. In the specific case-study μ D,i,max is 15 at the second floor, lower than the maximum capacity experimentally found around 25.
Assessment of the outcomes from the design procedure through FEM non-linear analyses
A non-linear static analysis is performed using OpenSees software (McKenna 1997) , with the final aim of assessing the reliability of the proposed design method. Dissipative braces are modeled as "twoNodeLink" elements characterized by "uniaxialMaterial Steel01", that requires the definition of initial stiffness, yielding force and post-to-pre yielding stiffness ratio for a bilinear elasto-plastic behavior. Mechanical properties of Table 9 are used in the horizontal direction and corresponding axial values are defined to be implemented in the FEM model. Note that even if stiffness corresponding to commercially available braces (Table 11 ) are supposed to be adopted for real design purposes, in this case analytically found values (Table 9 ) are used in order to demonstrate the effectiveness of the proposed framework. The numerical BF capacity curve, determined applying a distribution of forces proportional to the first fundamental mode of vibration, is satisfactorily matching the desired capacity curve obtained through the proposed design framework, as plotted in Fig. 13 . The pushover curve is ceased at the attainment of a relative inter-story drift of 0.016 m Table 11 Dissipative braces elastic and post-yielding stiffnesses at the third level, corresponding to a top story displacement of 0.06 m. In correspondence of this step, analyzing deformation of dissipative braces, the equivalent damping ratio of the whole system, calculated through Jacobsen's formula, is 24%. Even if a lower value of damping is obtained with respect to what determined in the design procedure, a different allowable performance point is achieved for a lightly higher value of top displacement. Maximum deformation in SL dampers at performance point is approximately 10 mm at the third level, adequately lower than capacity displacement of 20 mm.
The adoption of braces usually provides additional axial force in columns that can also generate detrimental tensile force. Adopted braces configuration is able to limit the maximum tension force in columns to 233 kN, achieved in the outer column at the second level, ) and steel with yielding stress of 450 MPa (B450C), a total of 12Φ26 and 16Φ24 are adopted for beams and columns, respectively, in order to avoid any plastic hinge formation. This assumption justifies a large amount of steel reinforcement ratios. Moreover, beams span length (7.5 m) contribute to generate significant demand also for gravity loads only (maximum bending moment of 286 kNm in beams). Finally, nonlinear dynamic analysis are also performed to further validate the effectiveness of the proposed design procedure. A set of 7 couples of records spectrum-compatible with the target elastic spectrum (Figs. 14, 15 and Table 12 ) have been selected from SIM-BAD database (Smerzini et al. 2014 ) using Rexel v.3.5 software (Iervolino et al. 2010) . The deformed shape profile and inter-story drift for each event are plotted in Figs. 16 and 17, respectively, also showing the mean response. It can be highlighted that the maximum mean ID is slightly higher than the design value of 0.5%. It is also verified that stress levels within frame are lower than yielding threshold, thus preventing any structural damage. It is worth to highlight that the maximum tension force in columns according to dynamic analysis is 35 kN, a much lower value than estimated according to static analysis, the latter being significantly more conservative.
The authors also meant to assess the bare frame performance considering the steel reinforcement ratios obtained above under the same earthquakes by nonlinear dynamic analysis. In this case columns are always in compression, with a minimum of 364 kN in outer columns. It comes out that both beams and columns resistance checks are satisfied, with a very limited yielding in a few elements. In terms of global performance, the main difference between F and BF system stands in the significant improvement achieved in terms of deformations (Figs. 18, 19) : the maximum mean (over the 7 couples of records) ID of the bare frame is around 1.3%, that is almost 3 times BF system, translating in larger demand to non-structural components. Higher flexibility of F is also evident from comparison of displacement profiles of Figs. 16 and 18. In conclusion, although resistance checks would be also satisfied in a pure bare frame configuration, the addition of the dissipative braces is justified in order to limit damage to non-structural elements and save repairing costs to be faced in the aftermath of a severe earthquake event. Assumed brittle failure mechanisms be prevented, ultimate capacity of the structure is verified through N2 method (Fajfar 2000) providing in all cases satisfactory results. Although, as highlighted by Fig. 21 , at LS the structure is undergoing large non linear behavior mainly due to softening of infill walls after maximum strength has been reached, whereas only a few cross sections of the frame members are yielded. In the attempt to reduce potential damage at LS, a maximum allowable interstorey drift ratio of 0.5% is imposed under events characterized by a return period T = 712 years (10% of probability of being exceeded in 75 years). This design approach allows to limit repair costs in the aftermath of earthquakes' occurrence, enhancing the structural resilience. A system of dissipative braces, composed by tubular steel diagonals arranged with SL Fig. 20 Existing RC case study building X Y dampers, is designed through the DDBD procedure proposed in this work, whose main steps are summarized in the following.
The bare frame seismic performance has been shown in the previous paragraph, yielding the pushover curves of Fig. 21 . Among them, the capacity curve "MODAL +X" is considered and converted into an equivalent SDOF system through Eqs. (1) and (2) Step 2 Evaluation of the performance point At this step the PP is found through the iterative process determining equivalent damping ratio of the BF system through Eqs. (3) and (4), assuming initial values of μ * DB = 0.07 and r * DB = 0.05. Convergence at the end of step 5 is obtained with the values reported in Table 13 , corresponding to the final value of r * DB = 0.07.
Step 3 Design capacity curves for BF and DB systems Applying Eqs. (9) to (12), BF and DB systems capacity curves can be plotted (Fig. 22) .
Step 4 Preliminary sizing of dissipative braces At this step, force and stiffness in correspondence of each dissipative brace can be determined through Eqs. (13) to (15), obtaining the values in the first columns of Table 14 .
The structure is retrofitted with dissipative braces composed by SL dampers inserted in steel diagonals at all levels except at the top, where chevron braces are used to support the device (Fig. 23) . In particular, only perimetral frames along the x-direction, which Table 14 .
Final mechanical properties of dampers and braces, selected in compliance with required yielding forces and Eqs. (16) and (17), respectively, are summarized in Table 15 .
Step 5 Consistency check with the initial assumption about stiffness r * DB Effective value of r * DB has to be checked through Eq. (18): two iterations are needed before the converging value r * DB = 0.07 is obtained. Step 6 Consistency check with the initial assumption about ductility μ * DB Initial assumed value of μ * DB is finally checked through Eqs. (19) and (20): ductility demand for each damper is satisfactorily lower than capacity.
Finally, in order to assess the reliability of the suggested design procedure, both static and dynamic non-linear analysis are performed on the case-study structure. The bilinear capacity curve of the equivalent SDOF BF system, obtained for a modal distribution of forces along +X direction, is plotted in solid red in Fig. 22 . A satisfactory matching between "desired" BF capacity curve (dashed black line) and numerical result is obtained, demonstrating that the proposed DDBD method allows to properly dimension dissipative braces pursuing a specific performance objective. At the performance point, ductility demand on dampers varies in the range 12-13, thus always lower than SL ductility capacity (around 25). Dissipative braces location within the structure is defined with the aim of limiting additional tension stresses in framing elements. The two columns at the base level in the middle of each pair of diagonals are the only ones mainly affected by the presence of braces, although never transferring tension to the foundation.
A new record selection for spectrum-compatible events at the LS is provided in Table 16 . Mean ID values in correspondence of BF system, obtained as a result of dynamic nonlinear analysis, are given in Table 17 : it comes out that the performance level, imposed as target ID value in the proposed design procedure, is achieved. For the sake of comparison, mean ID values of F system are also shown, highlighting that obtained performance closely match the target one. In this case, it is worth to note that the significant bare frame stiffness (maximum ID = 0.7%) is mainly due to masonry infill walls contribution. The top displacement values corresponding to F and BF systems are 5.2 cm and 6.5 cm respectively.
Conclusions
A comprehensive displacement-based seismic design procedure for structures equipped with hysteretic damping braces has been introduced and described step by step. According to the method, the equivalent single-degree-of-freedom braced frame (BF) is considered as the equivalent of the bare frame (F) and the damped brace (DB) systems acting in parallel. On the basis of the allowable damage for F, a target displacement of BF is set and the DB system is designed accordingly. Both cases of linear and nonlinear behavior for F can be taken into account, depending on the desired performance level. The higher the degree of nonlinearity in F, the higher the expected damage level under the design earthquake with an increase of reparability costs and downtime.
It is shown that, fixed a performance displacement, the performance point can be easily detected once the equivalent damping ratio of BF has been evaluated and the effective design response spectrum determined accordingly. Assumptions concerning DB system's ductility capacity and post-yielding-to-elastic stiffness ratio have to be made, so to be able to derive a desired capacity curve for the BF and get the equivalent DB curve as "difference" between BF and F systems.
Finally, once elastic stiffness and yielding force of the equivalent DB system are known, they can be distributed along dissipative braces in a proportionality relation with properties of F and converted into effective damper and supporting brace properties. By the end of the procedure, post-elastic stiffness ratio and ductility demand are compared with those values initially assumed. Before convergence is achieved, some iterations may be needed, however few steps are generally enough. Several advantages arise from the use of the suggested method with respect to other procedures currently available from literature.
Even if some analogies have been drawn with other methods proposed by different authors (Bergami and Nuti 2013; Mazza and Vulcano 2015) , the present procedure suggests an analytical construction of BF and DB capacity curves, thus allowing to avoid numerical analysis within the iterative procedure. A pushover analysis is only required at step 1 in order to determine the capacity curve of the bare frame F taking into account effective lateral stiffness distribution and non-linear behavior. In addition to this, the procedure is fully integrated with the effective properties of real hysteretic devices and allows the designer to deliver a complete set of mechanical properties of both the dampers and the supporting braces.
The method is assessed through the application to two case-study structures. First the design of a new building is shown, then the seismic retrofit of an existing RC structure. Application to 3D structure is demonstrated in the case study by considering the effective distribution of seismic resistant systems within the building among the different 2D frames in each separate direction, assuming an effective action of the floor diaphragm at each level. Accidental eccentricity is neglected at the preliminary step being accurately modeled at the stage of design check by means of numerical analysis also in the case of non-regular frame. The results derived via FEM nonlinear analysis-static and time-history-highlighted the satisfactory capability of the proposed method in predicting capacity curve, damping ratio as well as seismic ductility demand for structures equipped with supplemental hysteretic dampers. Such promising results make this study worthy of future developments. The rheological model of the equivalent DB system can be modeled as springs in series.
In Fig. 26 "n" is the total number of storeys, "i" the generic level. The base shear of the equivalent DB system, V * PP,DB , corresponds to the first story shear of the dissipative brace system. Taking this into consideration and making reference to Fig. 27 
